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This report discusses the processes ‘which contribute to the decay in perfor- 
iVicrice of electrodes used in phosphoric acid fuel cell systems. Loss of cata- 
lytic surface sr-ea, corrosion of the carbon support, electrcide structure de- 

rodetior), and irripurities in the reactant steeams 
e najor areas for concern. There are no strategies 
of predicting the long term effects of any of these 
ults of short lenri eAperinients . 

of platinum electrocatalysts in phospiioric acid is 
5C8 area loss with time can be correlated with a 
hov.(ever, the lack of uncerstonding of the sintering 
process has sevei-ely limited progress in de velopn-isnt of sintering retardant 
catalysts. The o'evelopcient of in situ electron microscopy techniques for the 
observation of sintering experiments is worthy of investigation. 

The decline of electrode performance due to carbon corrosion and electrolyte 
degradation are minimal. The nechanisin of carbon cornDsion in phosphoric acid 
is understood and accelerated testing inethods for screening of prospective 
electrocatalyst support materials have been developed. The iriteraction of 
carbon with platinum crystallites needs further study. Modification of the 
carbon surface appears to be a promising method for sintering retardation. 
Electrolyte degradation can be prevented by prudent electrolyte management 
schemes, although the effects of ammonia impurity are not yet completely under- 
stood. 


In addition to ammonia, hydrogen sulphide is particularly deleterious to fuel 
cell electrode perforrriance. The development of sulphur tolerant electrocatalysts 
probably will not have a large impact on fuel cell technology because of the sus- 
ceptibility of steam reforming catalysts to sulphur poisoning and environ- 
mental restrictions. 


Examination of the electrode structure could return the largest dividends. It 
is not clear that all the platinum in the electrode is utilized effectively. 

In fact, recent evidence suggests that significant improvement in platinum 
utilization can be obtained. Techniques need to be developed to measure the 
quantity of platinum which is available for reaction under fuel cell operating 
conditions. In situ ion specific adsorption rrteasurements may be useful for 
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this purpose.' A clearer Linderstcrdiy-fg of the operation of pO‘‘Ous gas diffusion 
electrodes is also required for opt inii ration of &lectt"ode structures and 
cSsessDent of the iri^portance of various structure degradation nodes. Transient 
experinenlal rothods should contribute to this understanding. 
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The occcpTance of phosprion'c acid fuel cells as a viable, econonric rp.ethod of 
c^neraling electricity is critically dependent on the long term stability of 
the fuel cell system, tiinimum lifetimes of 40,000 hr are required in order to 
cor.p'cte with conventional ceneratinc iiethods. Since the generation of electricity 
by fuel cells occurs via electrocfienrical rc-:.3ctions , the stability of the elec- 
trodes is the most important factor in maintaining performance. The prirnaipy 
objective of tims report is to revisw the extant f Lie 1 cell 1 i "tc rature to deter- 
mine those factors which contribute to the degradation of electrodes, hence, long 
temi! performance declines in phosphoric acid fuel cell systems. 

The tey ccrcponent of the electrode is the electrocetalyst. Platinum supported 
on Cci'bon is currently employed at both the anode and cathode in the phosphoric 
acid system. It is 'well knewn that supported catalysts cerierally exhibit ac- 
tivity declines with time. The loss of catalytic surface area, either by sintering 
processes or adsorption of impurities, results in a decrease in power density, 
and, therefore, a perforrr.ance decline with time. 


The corrosion of the carbon support by electrochemiical oxidation also contributes 
to degradation of system performance. Corrosion of the carbon at the nietal crystal- 
lite/support interface may weaken the interaction forces which bond the metal 
to the support, thereby enhancing the mobility of the platinum particles. Severe 
corrosion may result in loss of entire crystallites by dissolution in the electro- 
lyte. The electrode structure may also be damaged to such an extent that electri- 
cal discontinuities are introduced. 


Total elimination of surface area less phenomena and carbon corrosion are not 
likely. Any improvement in surface area retention and corrosion properties of 
the electrocatalyst can be important, however, if substantial gains can be made 
in initial system performance. Examination of the operating characteristics of 
the porous gas diffusion electrode is essential to determine the utilization of 
the catalyst. 
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Electroljte [r.anagti.-ient is a serioLfS concern for long 
fuel cells. The electrical conductivity of the acid 
to ensure that dissolved ionic reactants a^e present 
able to participate in the electrochemical reaction. 


term, stable operation of 
must be carefully controlled 
at the active site and, thus. 
If the cell matrix dries 


out, reactant gas crossover may occur, thereby decreasing the rate of reaction. 

recent advances in hydrocarbon steam reforming have widened the range of fuels 
from which hv'drogen can be obtained. These fuels, however, are .not particularly 
desirable since they contain a wide variety of impurities. How the fuel cell 
recponds to these impurities deterniines the level of sopivi stication required for 
fuel cleanup so that performance may be maintained over long periods of operation. 

Each of these topics is discussed in more detail in the following sections. 
Attention is focused on how the electrode is affected. Existing literature on 
long term stability testing is relatively sparse. The usual procedure is to measu 
the performa:'ice of pilot plant scale fuel cell stacks over a period of time. 

Design or operating characteristics are then modified based on the result of 
tne test, witn fnifior exception, there has been no attempt to ceveiop pred'ictive 
■tools for esti:ratirig the long term effects of electrode decay ir.odes on perfor- 
rnmnce based on results of short term tests. Indeed, all previous long tenn 
performance models are strictly empirical in nature. The hazards of extrapo- 
lation using empirical models are great and wel 1- documented. The only definitive 
approach for reliable model building is to obtain an understanding of the physical 
processes which are taking piece. This is the approach taken in this review. 


Toward this end, the final section outlines those areas of research where sub- 
stantial improvements in initial performance or maintenance of performance can 
be realized. 
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Span mf-lcl psrt'icles 'in contact with one anothtr tend to fuse at high tec'pera 
tures. This coalescence pKenon&Mon is called "sintering" by cercri'.ists and 
I’ietanurgists. Sintering can be used for practical benefit, for exasKple, in 
many riStal fabrication processes. Accompanying the fusion of the powder par- 
ticles, however, is a concomitant less of surface area. Since catalysis is a 
surface process, sintering is usually detrimental to the performance of metals 
used as catalysis. In order to maximixe the effectiveness of solid catalysts, 
there has been a great incentive to prepare and maintain the .melal as very 
small particles. The most desirable particle si/e is in the range 1-10 nm. 
Crystallites in this range have a Ic^ge fraction of their ato:r:s at the surface 


of the particle which, therefore, are available for catalysis. The relation- 


ship between dispersion (defined as the ratio of surface metal ato?ns to total 


ictal atomis in the sample) and crystallite size assumring a cubic crystal with 
0.25 nm lattice spacing is shown in Figure 1 (1). All metal atoms are surface 
atonss for cubic crystals with edge length less than 1 nm. 



Figure 1. Dispersion vs. crystallite size for a hypothetical simple crystal. 


Stonehart Associates, Inc. 



low 






t'fetal Particles of less than 20 nm exhibit extrernely low stability if the 
particles are allowed to touch one another, Platinorn black, for exarr^le, 
with an initial particle di3.T€ter on the order of 20 nm, sinters at room 
teiriperatu re if exposed to oxygen end then to hydrogen (2,3). In the fuel cell 
envi ronnent, platinum black electrodes typically exhibit surface area declines 
of about b0% cfter only 200 hr in 96 w/o phosphoric acid at 150°C (4). Pal- 
ladium black (7 nm crystallites) sinters in hydrogen at temperatures below 
j00°C (5). 


The need for highly dispersed catalytic metals, combined with the impractical ity 
of using metal powders, has led to the widespread use of porous, high surface 
area iTicterials to support the small .metal particles. High surface area ceramic 
inaterials such as alumina and silica are ccnunonly used as carriers for gas 
phase applications. For operation in phosphoric acid fuel cells, the support 


TtUS 


St be conductive; therefore, the’metal particles are usually deposited on 


carbon. The support markedly decreases the total amount of metal required 

to obtain a given level of catalytic activity. Platinum black has approximately 

2 2 
10-20 m of platinum per gram, whereas supported platinum can exceed 200 m 

of c.xpcsed platirMjm per gram of rretal (6). Consequently, metal loadings can 

be dramatically reduced without loss of activity provided that diffusion of 


reactants to the metal does not limit the reaction rate. The use of supported 

catalysts in phosphoric acid fuel cells has resulted in a reduction of platinum 

2 2 

metal loadings in the electr>jces frx)m 20 mg/cm to 0.75 .mg/cm of active cell 
area (7). Although platinum particles are highly dispersed on the carbon support, 
there occurs, nevertheless, a considerable decrease in the platinum surface 
area with time due to platinum particle growth in the phosphoric acid environ- 
ment at 100-200°C. Concurrent with the surface area less is a decay in fuel 
cell perforeiance. 


The term "sintering" refers to the agglomeration of particles in physical con- 
tact. It should be emphasized, however, that this term is now accepted to de- 
scribe the overall process whereby catalytic surface area is lost. It is quite 
clear that the catalytic activity per unit weight of metal will decrease with 
sintering because the fraction of surface atoms decreases. In most instances 
this is the result of metal particle growth, and it is the primary reason that 
sintering is of importance to catalyst users. 


P 
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Several ncdels have been pr-opcsed to explain the sintering behavior of sup- 
ported catalysts. These nodels are based largely on the results of sintering 
in gas phase envi ron/jents ; hcv.-ever, they also apply to liquid envi ror;r,ents (8,9J0). 
In the subsequent sections, these models are discu5;sed in detail. Since the 
interdction of the metal with the support is importont in deterrriinipg the 
catalytic properties of supported catalysts (11), a section on metal-support 
interaction is included. The extant literature on sintering of supported 
platinum electrocatalysts in phosphoric acid envi ronments is then reviewed. 


Theoretical Models 


The sintering of supported metal catalysts has become the subject of detailed 
fundnioental investigation only in the last decade. Ruckenstein and Pul vermacher 
presented a matht-nalical treatf-v-nt of sintering by r/ittal crystallites in 1973 
(12,13). Wjuiblatt and .Qjostcin (14 J5) and Flynn and K'anke (36,17) used some- 
what different approaches for describing this problem. Regardless of the basic 
assumptions nvade, the model must account for transport of metal across relatively 
large distances on the support and for incorporation of migrating n>etallic 
species into growing crystal! ites. Each of the three theoretical treatments 
cited above deals with these two components of sintering in' its O'wn way. The 
experimental data available to dele favors- no one model over the others. 

The Puckenstein-Pul vertTidCher analysis supposes that sintering occurs via mi- 


gration, collision, and fusion of metal crystallites on the support surface, 
hence, it is coruTionly known as the crystallite rriicration model. This process 
is analogous to a two-dimensional Brownian motion of metal particles which under- 
go random collisions and subsequent coalescence. Either the migration or the 
coalescence step can be rate-detemining. Rate expressions for particle growth 
were derived as extensions of the Smoluchowski coagulation theory (18). The 
general form of the rate expression for the change of catalytic surface area with 
time was shown to conform to the power law equation: 


dS _ LM-m (1) 

dt ■ ■ 


where S is the surface area, K is a rate constant which depends on the metal 
leading, t is the sintering time, and m is an integer exponent which can vary 
between 2 and S depending on the nature of the rate controlling process. For 
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Sintering was t>>'ated as a two-dimerisional evaporeticn-rondensation process 
by Flynn and Wanke. The n'letal support system vas pictured as seeking to 
establish an equilibrium between metal atoms on metal particles and those which 
have escaped to the siipport surface. This atomic migration model is similar 
to the rodel pro'.'csed by Ostwald (Ostwald ripenir-g) for the change in iriercury 
oxide particle sizes in solution (19). The rriigrafion of atoms across a support 
surface was first advanced by Shekhter (20) to account for the decrease in 
number and increase in size of globules of metal catalysts on filarent sup- 
ports. The model assumes that the rale at which atoms dissociate from metal 
particles is i r^dependent of particle size. The larger particles, therefore, 
gr'cw at the expense of the smaller ones. The model also predicts tr.at the size 
of trie metal particles and the width of the distribution are critical para- 
meters for deterTiiining the exponent m for fitt1r*:g sintering data to Equation (1). 
Further'more , the value of m is expected to vary during the course of a sintering 
exper imient. 


Wynblatt and Gjcstein considered the events which occur on an atomic scale 
during sintering. The concepts of crystal nucleation and growth, particle 
migration and coalescence, and surface or vapor transport of metal were all 
discussed in terms of their relative importance in the overall rate of metal 
area loss. Order of magnitude rates for various steps in the proposed sinter- 
ing sequence were calculated using data obtained on pure metals and supported 
metal films rather than on porous supported catalysts. As a result, the para- 
meters were determined independently as opposed to determination by a fitting 
process. 


On the basis of their calculations, k^nblatt and Gjostein concluded that par- 
ticle growth occurred in either a "non-inhibited" or an "inhibited" mode. 

Both the crystallite migration and atomic migration models are examples of 
non-inhibited particle growth. The idea of inhibited growth arose from the 
observation of electron micrographs that platinum particles on flat alumina 
surfaces appeared to approach a limiting size during long term (about 70 hr) 
exposure at 700°C. This behavior was attributed to faceting of the metal 
crystallites. Crystallite growth, therefore, was inhibited by the require- 
ment of a nucleation process for each new layer of atoms added to the particle. 
As a result, the rate constant in Eqn (1) depends on the crystallite size. 
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In addition to these 'r»odels, s 
tribute to the growth of ir>etal 
metals through the va;vGr phase 


everal additional modes of sintering may con- 
particles on porous supports. The transport of 
occurs when supported rutheniuin catalysts are 


used in catalytic mufflers (21). If platinum is used as the catalyst, hc-'cver, 
little loss of surface area is observed under the same operating conditions (22). 
Vapor phase transport in non-cxidizing envi ronrrients is negligible for Group VllI 
metals (except ruthenium) at tempo- ratures below 3000°C; therefore, this mechanism 
may be due to volatilization of metal oxides (23). The liquid phase analogy 
to vapor transport is di ssclution/redepcsition. In this mechanism, small 
part'kles dissolve in solution by virtue of their greater surface energy. The 


dissolved metal diffuses along a coricentratfon gradient and redeposits on 


larcer crvstallites. 


Bett, et al (8) have demonstrated that this crystallite 


9 rC''-wi h iTic c na ri ’■ s m i s 
was based on the at 
with themnodyncnnc- 


riot likely to occur in hot phosphoric acid. This conclusion 

sei'Ce of a potential effect on the sintering rate coupled 

2 + 

consideraticns of the Pt/Pt equilibrium. Platinum may 


enter solution, however, if corrosion of the carbon support occurs at the 


crystal 1 i te/support interface. The available liquid phase sintering literature 
suggests that crystallite gro'wth probably does not occur in this n-ianner. The 
romainder of this discussion, therefore, focuses on the crystallite migration, 
atomic migration, and the. nucleation miodels. 

Although these three theories represent three different views of sintering, 
they all agree on some points. First, they all predict that large crystallites 
grow at the expense of smaller ones. The pore structure will tend to stabilize 
the metal dispersion as will strong metal/support interactions. Finally, all 
the models can account for the increased stability of platinum in reducing 
atmospheres as opposed to oxidizing environments for a given set of parameters. 
It can be reasonably argued, however, that this latter correlation arises only 
after examination of experimental data. 


The proposed models also disagree on a number of points. Experimental attempts 
to determine which mechanism predominates have not been conclusive. The major 
difference between the Ruckenstein-Pul vermacher and Flynn-Wanke models is the 
mode of transport. In the former model, metal crystallites are thought to mi- 
grate across the surface while for the latter, migration occurs by atoms or 
small metallic molecules. Ruckenstein and Pul vermacher argued that inter- 
actions between metal atoms and the support surface are too weak for dissociation 
to be energetically favorable (13). 
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They also pointed out that n>etal evaporation rates would be too slow to account 
for observed sintering rates. As an e^^aniple, appreciable rates of sintering 
requires an activation energy for the escape of dt.on':s from a large crystallite 
to be on the order of 80 kcel/rrcMe. Since the heat of sublimation of platinum 
is 135 kccl/mole (24), the metal/support interaction energy must be at least 
55 kcal/mcle. Even though significant adhesion forces have been shown for 
oxide substrates (25), metal/support intcracliGns are generally on the order 
of van der Waals forces (26). 


Although direct evidence of crystallite iiiigretion is difficult to obtain, there 
are reports of this mode of particle gro'wth in the literature. Bassett (27) 
observed trarislation of copper and silver islands on amorphous carbon and 
graphite at 252^C ar.d Phillips, et al (28) inferred motion and coalescence 
of gold islands of up to IG nm on silicon rrcnoxide and amorphous carbon in the 
temperature range 227-427'^C. Masson and co-workers (29,30) have shown that 
islands of both gold and alunrlnum in the range 2-5 nm can execute random walks 


on 




ssium chloride substrates at 70^0. Thomas end V.'alker (31) also report 


evidence for metal crystallite motion on carbon substrate. 


The higher rate of sintering observed when presintered catalyst containing 
large platinum particles is added to the catalyst (32), on the other hand, 
suggests that large platinum particles accelerate agglcuieration by acting as 
a sink for transported metal. To account for this observation, the transported 


rrietal miust be highly mobile, since slowly diffusing crystallites would not be 
affected by large crystallites. The atomic diffusion model assumes rapid mi- 
gration of metal atoms or molecules (16,17) similar to that observed in film 
growth studies (33). 


The crystallite migration model of Ruckenstein and Pul vermacher describes a 
coalescence controlled condition in which the rate of irierger of metal particles 
is the slow step in the sintering process. The Wynblatt-Gjostein analysis shows 
that, for metal crystallites smaller than about 5 nm, particle mobility is 
likely to account for sintering under reducing conditions; however, as the 
particle size increases, the crystallite surface diffusivity decreases suf- 
ficiently so that particle migration is unable to account for sintering of 
particles greater than about 7.5 nm (15). It was further shown that, on the 
basis of theoretical predictions, crystallite merger as the rate controlling 
step is generally not realizable under most sintering conditions. 
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The cryst 
but ion oS 
di 5 . t r i but 


all He iTilgration model 
& ^■ur■ct■^on of time can 
i on for the di f f u£ i on c 


also predicts that the particle si 
be represented by a uni cue dime ns 
oni rolled case, as shown in Figure 


distri- 


i on 1 es s 
2 (34). 






I 



Figure 2. Similarity solution for diffusion controlled case. 

This type of unique, dimensionless distribution function has been used by 
Swift and Friedlander for the matbeindtical description of coagul ati on pro- 
cesses (35). The experimentally observed bimodal particle size distributions 
obtained by sintering supported metal catalysts do not agree with this con- 
clusion. The atomic iriigration model predicts a strong dependence of the rate 
of sintering on the metal to particle size distribution (11). Catalysts with 
broad or bimodal PSD are predicted to sinter more rapidly than catalysts with 
narrow PSD. Unisized particles would not sinter at all. The crystallite mi- 
gration model does predict sintering for unisized distributions (13). 

A final area for disagreement is the dependence of the sintering rate constant 
on metal loading. The crystallite migration model predicts a linear dependence 
on the metal loading (12,13). A number of investigators suggest that sintering 
by the atomic migration is independent of metal loading. This conclusion is 
only correct if the buildup of species in the transporting medium is small (11). 
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When the otonric rrrlGration nodel predicts a sionificant buildup of migratirig 
otomic species, the s.ui"fcce loading becoivies important. For this case, the rate 
of collision of migrating atoms with stationary metal crystallites depends on 
the surface concentration of migrating atoms, which in turn depends on the 
concentration of metal crystallites, i.e. the fTetal loading. For high metal 
loadings, the rate of capture is greater than for low metal loadings, hence 
the concentration of inigratino nietal atoms is lower. 

In view of the ccmplexity of supported metal sintering, it is clear that the 
rTiode by which supported metal ccvstellites grow is likely to depend on a number 
of factors including the nature of the metal and the support and the particular 
conditions under which the catalyst must operate. It is not surprising, there- 
fore, that sintering data fitted to Fqn (1) give exponerits renging from 2 (36.27) 
to 13 (14). Flynn and Kanke , using data from the literature, shew that the 
sintering order may change dramatibally as sintering progresses (17). Results 
of several investiGations are summarised in Table I. 


1A3LE I 


Sintering 

Sintering 


f'fechani sm 

Order 

_Ref^ 

Crystal 1 ite 

2-3 (Coalescence) 

12 

I'iigrati on 

3-5 (Diffusion) 

13 

Crystallite 

Migration 

7/2 (Diffusion) 

28 

Crystallite 

Migration 

5-14 

38 

Atomi c 
Migration 

4 (Diffusion) 

15 

Atomi c 
Migration 

3 

16,17 

Atomi c 
Migration 

4-13 

17 
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The cvailable data on sinlerlng k-inetlcs' are generally 'inadeGLicte for con- 
fi relation of any particular irifrcnanism. The best test for model discrimination 
is probably the ability 1c predict particle size distribution chanoes as a 


function of tinrie, but such data ai-« difficult to obtain experifnentally as 
reflected by the different everaoe radii obtained by different measurement 


techniques. 


When small mittel particles are deposited on high surface area materials, 
electronic iriteractions between the two materials may exist. ConsidC: the 
case of a metal in contact with a semiconductor. If the work function of 
electrons in the metal is larger than the work function of electrons in the semi- 
conductor, electrons will migrate fiX'fn the seiiii conductor to the mietal to es- 
tablish an equi 1 i bri utTi .state. The flow of electrons sets up a positive .space 
charge in the sernicondjctor and a negative charge on the metal. The situation 


is reversed if the work function of the metal is less than that of t!;e semi- 
conductor. The Fermi level of a semi conductor can easily be altered by doping 
with different ions, thereby changing the electronic properties of the metal/ 
semiconductor interface. Doping nickel oxide with lithium ions, for e.xaipple, 
has been shewn to affect the gas phase catalytic oxidation of carbon monoxide (39). 
The effect of different supports on the catalytic activity of supported metals 
has been reviewed by Geus (33) and by Solymosi (40). 


Escard and cc-workers (41,42) studied iridium catalysts deposited on a number 
of supports by x-ray photoelectron spectroscopy. A chemical shift in the 
iridium 4f doublet was observed. The magnitude of the shift depended on the 
nature of the, support and was directly proportional to the Fermi level of the 
metallic oxides investigated. 


Electron spin resonance spectroscopy of platinum supported on carbon indicated 
that platinum atoms donated electrons to the substrate (43,44). Sagert and 
Ponteau, however, later concluded from results of hydrogen-water-deuterium 
isotope exchange experiments that electrons were donated from the carbon to the 
platinum (45). Both platinum black and platinum supported on highly graphitized 
carbon black were examined. 
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The ir.tc recti on between solid pertic’es end substrates cen also be examined 
by fT.r-asu re merit of the forces of adhesion. Typically, adhesion energies less 
than 20 bcal/i.icle are observed (H). The atmosphere to which the catalyst is 
exposed marr-edly affects the adhesion of metal atoms to substrates. In general 
cleavage of salt crystals in air gives faces with higher sticking probabilities 
for metal atoms than crystals cleaved in vacuum. 


Borne, et al (‘^6) showed that the electrostati c force of 
gible ccripared to van der Waals forces for gold particles 
substrates under vacuum conditions. 


dhesion was 
on silicon 


negl i- 
nd gold 


Pask and Fulrath (25) found greater adhesion between molten glass and gold, 
iron, and platinum metal surfaces when oxygen was present than under vacuum 
or reducing atmospheres. Geus (33) has reviewed the interactions between 

evaporated ir-etal fibers and various support materials. The mobilities of 

* 

silver and gold particles evaporated on silicon and on carbon were shown to be 


Gi-eater in water vapor than in vacuum. It was presumed that water molecules 
were able to penetrate between the iretal particles and the substrate thereby 
1 ‘educing the interaction at the metal- support interface. 


Sett, et al (8) report different degrees of surface area loss for platinum 
supported on gi-aphitized carbon black for a number of liquid environments. 


There data are surrr.arized in Table II 
which demonsl f ate a reduction in the 


. A number of additional investigations 
adhesion force in the presence of a liquid 


phase have been reviewed by Ziirion (47). 


TABLE II 

Effect of Various Environments on the Surface Area Loss of Platinum on Carbon 

at lOOOC 
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atoms adsorbed on substrates 
to alter the electrical conduct ivi 
indicating electronic interaction 


by vapor deposition have also been found 
ty to a different extent than metal crystals, 
between the metal and the support. The 


effect of the metal atoms was found to decay gradually, presumably due to the 
migration and incorporation of the atoms into nsetal crystals (48). The elec- 
trical resistivity of thin metal films has been observed to increase from the 


bulk me t a 1 res i s 1 1 v i ty 
nxvan free path length 
lie films was discusse 


v.’hen the filtn thickness becoimes • less than the electron 
in the rnetal. The conduction of electrons in thin metal- 
d in detail by Anderson (49). 


Adhesion of iTietal eioms during condensation onto substrates is also sensitive 
to the heterogeneity of the substrate surface. The well-known decorating 
effect, where nuclei concentrate around surface ledges or dislocations in film 
growth studies, is attributed to an increased metal atom interaction with these 
areas of the surface, and hence a higher metal atom population. The hetero- 
geneous natuf'e of most carbon substrates, therefore, might be used to advantage 
by providing sites of strong interaction with platinum resulting in a stable 
catalyst. 


These studies indicate that the interaction of metal atoms and crystallites 
with typical substrates is extremely complex. Spectroscopic techniques, e.g. 
XPS and ESR, have been useful for characterizing supported catalysts. Exten- 
sive use of these techniques in future studies should lead to a clearer under- 
standing of these interactions in electrocatalytic systems. 


Sur f ace Area Loss in Phosphoric Acid 

The loss of platinum surface area with time has been recognized as a significant 
performance decay mode in phosphoric acid fuel cells. The early research 
in this area concentrated on identification of the mechanism of crystallite 
growth. More recently, attention has focused on methods of inhibiting mi- 
gration of platinum through modification of the support. 

Unsupported platinum black was shown by McKee (50) and Khassan, et al (51) to 
suffer significant surface area loss when heated in hydrogen at 100-200°C. 

The sintering rates of platinum black in 96 w/o phosphoric acid were found to 
be of comparable magnitude over the same temperature range (4,52) as indicated 
in Figure 3. When the data were fit to a power law rate, exponents considerably 
larger than would be predicted from the available theories were obtained. The 
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siritering of platinum black in phosphoric acid was also shown to depend on 
the potential (9). This potential dependence is shown in Figure 4. 



T!«r 


Figure 3. Sintering of ?t black at 150 C in hydrogen and in 96 H-PO,. 

( A) Kincshita et al (4), 96 wt% H^PO^, 0.5V; ( O ) Stcnenart 
and Zucks (52), 96 wt% H3?0^, 0,5V; ( @) McKee (50), hydrogen. 
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Figure 4. Effect of electrode potential on the loss of surface area of Pt 
black. 96 vt% H^PO^, 135°C, 24.5 m2/gm pt . 


Stonehart Associates, Inc. 




Coririolly, et al (53) reported large 
crystallites di^.persed on carbon in 
SjcfoCc area loss was not caused by 


decreases in the surface area of platin 
various electrolytes at 100-?00^C. The 
dissolution of platinum since no platin 


um 


uin 


was found in solution and no loss of platinum from the catalyst was detected. 

The surface area loss was dependent on the initial crystallite size distri- 
bution, temperature, type of support, and the electrolyte. A detailed discussion 
of the mechanism by which platinum surface area was lost was not presented. 


Tseung aiid Dhara (54) found that the area of platinum supported on graphite 
did not chance v.hen heated in air, whereas the platinum surface area decreased 
wiien used as a fuel cell electrode. Eased on additional studies of platinum 
supported on antimony doped tin oxide in phosphoric acid, they concluded that 
the growth of platinum crystallites occurred by dissolution and redeposition 
of platinum ions. Other invest iga tors (55,56), however, have found that 
platinum supported on graphite dees sinter in gaseous envi rorments suggesting 
a reinterpretation of the surface area loss mechanism. 


Tseung also studied the effect of surface area loss on electrode performance (57). 
Electrodes fabricated from platinum black, platinum supported on antiniony doped 
tin oxide, and platinum supported on carbon were sintered in air at IbO^C 
for 720 hr. Initial and final performance was m;easured in 83 w/o phosphoric 
acid at 150°C. As indicated in Table III, only the platinum black electrode 
suffered a decrease in area coupled with loss in perforrriance . 


TABLE III 

Effect of Heating on the Surface Area and Performance of Electrodes (150°C, Air) 


Ej ect rode 


Initial Pt area 
K' /g Vt 


rinal Pt area 
(after hrs) 

t^^/g Pt 


Inlt l.ai rerforriance 


C3V 

rrA/cTT, a 


4 


1 50*C 
6 OP mV 


final r'e r f o nr.3 nc e ’ 
63\ H-PO,, 150“C 
rJ-./cn- at 60C mV 


1C me Pt/ctr. 


20. 5 


16.0 


185 


O.*! n>.j l*t on 10 
Efc doped EnO^/cm^ 


21.0 


20. d 


50 


50 


2.1 mg Ft or. 15 me 


20.7 


20.4 


100 


100 
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The electrvides were also held at 700 mV "In 150°C pncsphor'ic acid. All elec- 
trodes e>.perienced a surface area loss ur-der these conditions, as seen in 
Fioure 5. The data were interpreted in terms of a dissolutiori/reprecipitation 


mecharn sm. 



Figure 5. Change in Ft surface area with time. 

Sett and cc-workers (8) investigated the surface area loss of platinum on 
graphitized carbon black in phosphoric acid over the terriporature range 100- 
200°C. Crystallite growth rates were apparently independent of the platinum 
content, shown in Figure 6, and only weakly dependent on potential, shown in 
Figure 7. The data were correlated using the integrated form of Eqn 1: 


__1 

S" 


— + kt 

^2 


( 2 ) 


The order of the rate process was between 11 and 13, and the activation energy 
was estimated at 21 kcal/mole. The fit of Eqn 2 to the data, shown in Figure 8, 
was excellent. Because the rate did not appear to depend on metal loading, it 
was suggested that k was proportional to the platinum content, end the data, 
therefore, could be interpreted in terms of the atomic migration model. 


Stonehart Associates, (nc. 
-16- 



TWt i«ISUHS| 


Figure 6 . 


Effect of te-ipersture and platinum metal coritent on orystaljite 
grovth of platinuni on carbon in 95% E 3?04 st 0.8 V. ( @ ) 5 wt% 
Ft, 100°C; (O) 20 wt% Ft, 100°C; (A) 5 wt% Ft, ].60'^C; (A) 
20 vt% Ft, 160OC. 
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Figure 7. Influence of potential on Ft crystallite growth for 5% Ft on carbon 

in 96% H 3 PO 4 , 160°C. ( O ) 0.1 V; ( □ ) 0.3 V; ( A ) 0.5 V; (<^) 0.8 V 
( V ) 1.0 V. 
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Figure 8 . Plot of Eqn 2 for sintering of platinvun on graphitized carbon black 
in 96% H 3 PO 4 , 0.8 V. 
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Storiehart and KacDoiidld (58) prepared electrodes from plat'inum dispersed on 
various carbon subst retos . The carbons used were Vulcan XC-72R, Vulcan XC-72R 
heat treated to ?500'C for 2 hr under argon, Shawinican acetylene black, and 
steam activated acetylene black. The electrodes were held at 700 mV in 165°C 
and 2'00°C phosphoric acid. The rates of surface area loss were found to 
•depend on the carbon support; the highest rate of surface area loss was observed 
for the support exhibiting the highest corrosion rate. In addition, surface 
area loss was greater at the higher temperature for a given support. It was 
suggested that the higher corrosion rate at increased temperature might be a 
contributing factor to the decreased area of platinum. Substantial losses 
of platinum surface area were observed during the first hour of operation. 

The data were plotted to confoiiri to Fqn 2. No values for n were reported and 
no discussion pertaining to the sintering iriechanism was undertaken. 

More recently, Gruver, et al studied the surface area loss of platinum sup- 
ported on Vulcan XC-72 in a 191°C phosphoric acid fuel cell environment to 
define the sintering mechonisni (59). A rapid initial surface area decline was 
also observed in this work. The data, shown in Figure 9, conformed to Eqn 2. 
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Figure 9. 


Plot of In area as a function of In t for Pt supported on Vulcan XC-72 
at 191°C in H 3 PO 4 . 
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Ira nsiTiiss 'Ion eleclron nrlcroscopy was used to £^;ariiirfe both the platinuir, on 
carbon electrodes and platinum on carbon fi 1ms at various sintering limes. 
rx£i,:i nation of these micrographs led the authors to conclude that the prir.ary 
mode of crystallite growth was by migration of platinum crystal 1 i tes , although 
atom migration was not ruled out as a secondary contributing factor. 

All of the previously cited investigations have focused on identification 
of the sintering niechanism. It is clear, hov.-ever, that these studies have 
failed to define this mechanism unequivocally. Therefore, an alternative 
approach to the question of surface area less in phosphoric acid fuel cell 
cathodes has been undertaken in recent years. This approach is to alter the 
properties of the support in some way in an effort to retard the gccwth of 
platir-uiTi crystallites on carbon. 

Blurton, :<:jnz, and Rutt (50) employed an G>;iddtion procedure to modify graphi- 
tized carbon black. Iron and copper salts were impregnated on the carbon, 
dried, and heated in nitrogen and then oxygen at the desired temperature. 

This treatment converted the iron and copper salts to the respective oxides 
which are known to catalyze the oxidation of graphite in a characteristic 
pattern (61). Iron oxide, for example, produces etch pits in the graphite 
basal plane (63). The resultant supports were then catalyzed with 5 w/o plati 
num by impregnation and thermal decomposition. 

Comiparison of surface area less for catalysts prepared on the uncxidized and 
the iron oxide treated supports is shown in Figure 10. 



Figure 10. Area change of supported platinum tested in 102% H 3 PO 4 at 190°C. 

(0 ) unoxidized graphite support; (| ) support prepared by iron 
oxide (0.1% Fe) catalyzed oxidation of graphite to 15% weight loss 
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support improves the surface area retention. The copper oxide treated supports 
also iniproved surface area retention, but to a lesser degree than the iron ■ 
oxide treated support. Platinum stability was independent of the iron concen- 
tration in the range 0.1-10 w/o Fe (see Figure 11) indicating that only a small 
fraction of the iron oxide particles were effective in forming the desired sites. 



Figure 11. Effect of Fe concentration used for the support preparai:ion on 
the Ft area after testing for 24 hr. Conditions: 98% H3P0^ at 
160 OC. 

The superior surface area retention of the iron oxide treated support was 
attributed to the tendency to form etch pits during oxidation of the carbon as 
opposed to the channels formed by oxidation using copper oxide. Additional 
work on this approach using iron oxide and silver oxide to modify a wide variety 
of carbon materials has been undertaken (64). 

Studies by Pan and Ciprios (65) showed that the sintering of supported platinum 
electrocatalysts in hot concentrated phosphoric acid was retarded when an 
activated charcoal (North American P-100) was used as the support material. 

It was proposed that the phosphorous present in the activated charcoal played 
a role in retarding platinum crystallite growth, possibly by interaction of 
phosphorous with platinum. Representative data are presented in Figure 12. 
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ison between 7 on-exchai',ged carbon-supported catalyst: 


The electronic conducti vi t,y of P-i0O, however, was found to be low. Therefore, 
on additional study was undertaken to find a phosphorous addition treatment 
that would impart a stabilizing effect for platinum crystallites supported 
on other high surface area carbons (66). A vapor deposition technique and a 
thenmal treatment with phosphoric acid were described for the addition of phos- 
phorous to noR-phcsphorous containing carbons. Phosphorous deposited on car- 
bons having no oxygen-containing surface groups was ineffective in retarding 
sintering. Phosphorous deposited on oxygenated supports provided some imprcve- 
iTient in crystallite stabi ';ity indicating that formation of stable phosphorous 
surface groups requires a substantial number of exchange sites. 

The electrocatalyst pyrcpolymer structure and pore structure of Kocite* sup- 
ports were modified by Welsh, et al (67) to investigate methods of improving 
electrocatalyst stability. Catalysts having a modified pore structure had 
structural stabilities comparable to standard Kocite supported catalysts. 

These catalysts produced with modified pyropolymer structures exhibited a large 
spread of stability; however, platinum surface area retention on these supports 
were better than for the standard support electrocatalysts. It was concluded 
that varying the pyropolymer structure to give a more graphitized structure 
resulted in more stable performance than obtained with standard Kocite electro- 
catalysts. 


■ ★ 


Registered Trademark, UOP. 
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Cci'bon blacl'S or heat treated carbon blacks are the only serious candidate 
maier-ials for use as eleclrocatalyst supports for phosphoric acid fuel cells. 
The resistivity of carbon black riicy range from a few tenths to one ohm de- 
pending principally on the amount of oxygen containing surface groups on the 
black (68). Channel blacks with high surface oxygen coverage possess high 
electrical resistivity, whereas furnace blacks and acetylene blacks are low in 
surface oxygen and are very conductive. These latter fneterials, therefore, 
ar-e highly desirable for fuel cell applications because only very slight ohmic 
losses are incurred. In addition, furnace blacks and acetylene blacks have 
moderately high surface arras facilitating the foreation of small noble metal 
crystallites when conventional catalyzation procedures are used. 

Carbon materials also possess undesirable physical characteristics. In par- 
ticular, carbon is susceptible to electrocnemicel corrosion at certain fuel 
cell operating conditions. The corrosion mechanism is believed to occur by 
oxidation of the carbon. The degree of corresicn and the. rate at which it 
preceeds are a function of the type of carbon, the electrode potential, the 
acid ternpe rature, and the surface treati.'ients given to the carbon. 


The gas phase oxidation of carbon by oxygen has been extensively investigated. 
The primary oxidation products are carbon monoxide, carbon dioxide, and sur- 
face oxides. It has been pointed out by Thcmds (69), however, that some un- 
certainty still exists as to the oxidation mechanism. It is believed that the' 
formation of stable surface oxides inhibits the fonriation of CO and CO^ since 
they decrease the active surface area. These oxides may in turn decompose 
at a rate slower than the oxidation processes to give additional gaseous pro- 
ducts. The kinetics of the elementary reaction steps are dependent on tempera- 
ture and the extent of carbon oxidation. 


In contrast to gas phase oxidation of carbon, there is relatively little 
literature dealing with the electrochemical oxidation of carbon in aqueous 
media. Carbon is attacked by many oxidizing agents in aqueous suspension, 
e.g. peniianganate (69,70), chromate (71), hypochlorite (71,72), persulphate 
(71,73), chlorine (69), and nitric acid (74,75). In the phosphoric acid fuel 
cell environment, the principal corrosion reaction is believed to be: 


C + 2H2O CO2 + 4 H'^ + 4 e 


( 3 ) 
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Surface oxides such as quinones, lactones, carboxylic acids, etc., are also 
fonr^ed. 

Binder, et al (76) investigated the electrochemical corrosion of a number of 
carbons in sulphuric and piiosphoric acids end in potassium hydroxide. The 
reaction products were observed to be carbon dioxide and surface oxides. The 
reaction rate was proportional to the carbon BET surface area. Janssen and 
h'ooglend (77) postulated the foriT.dtion of two carbon oxides for carbon electrodes 
in hydrochloric acid: a protective oxide which was reducible below -400 mV, 


and a surface oxide which fomned on top of the stable oxide. The stable oxide 
could be decomposed at 1700 mV, Donnet and Ehrburoer (78) examined the solution 
oxidation of furnace blacks by ozone in the absence of potential control. Two 
simultaneous oxidation mechanismis were postulated: the fonration of carbon 

dioxide and the formation of partial oxidation ptreducts which remained as 
surface groups. Panzer and Elving’ (79) reviewed the nature of surface compounds 
on graphite electrodes prepared from pyrolytic graphite. Pyrolytic graphite 
oxidized preferei'itially on the graphite basal plane as opposed to edge planes. 

Kinoshita and Bett (SO) investigated the electrcchemical oxidation of carbon 
black in S6 w/o phosphoric acid at 135°C. The total anodic current, the amount 
•Of CO 2 evolved, and the oxygen content of the carbon were all measured as a 
function of time and potential. Two anodic processes occurred: the forTnation 

of a surface oxide and the evolution of carbon dioxide. Both processes de- 
creased with time, as shown in Figures 13 and 14. Carbon dioxide evolution 
eventually became the major reaction. The two processes were independent of 
each other since the surface oxide did not inhibit CO 2 formation. This can be 
seen in Figure 15. The surface oxide layer approached, but was less than, a 
theoretical 'monolayer, and continued to grow after carbon dioxide evolution 
became the primary process. Carbon corrosion was thought to occur by initial 
formation of surface carbon oxides followed by evolution of carbon dioxide. 

The corrosion rates were reported to be independent of water concentration and 
carbon dioxide partial pressure. 


Since fuel cell operating temperatures have now approached 200°C, it is only 
in recent years that carbon corrosion at these conditions have been investigated 
(58,81). Stonehart and MacDonald (58) examined the effects of electrolyte 
temperature and concentration, operating potential, the type of carbon, and the 
nature of carbon surface treatments on the specific carbon corrosion rate. 
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Fie/ure 13. 


Growth of surface oxide on Neo Spectra carbon at various 
in 96% H3?04, 135'='G. (A) iOOO n=V (pre-reduced) , (Q) 
( □ ) 900 aV, (<0 ) 800 mV, ( V ) /OO mV. 


pot enti a Is 
1000 mV, 



Figure lA. Evolution of CO 2 from Neo Spectra carbon at various potentials in 
96% H 3 PO 4 , 135°C. (□ ) 1000 mV (pre-reduced at 0 mV for 2A hr), 

(# ) 1000 mV (pre-reduced at 0 mV for 100 hr), (A) 1000 mV, 

• ( o ) 900 mV, ( V ) 600 mV. 



Figure 15. Qox/^C02 ® function of time for Neo Spectra carbon at various 
potentials in 96% H 3 PO 4 , 135*^C. (A) 1000 mV (pre-reduced), 

(O ) 1000 mV, (□ ) 900 mV, (^ ) 800 mV, (<3 ) 700 mV. 


I 
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temperature , the corrosion currents increased with iricrcasing 
A similar relationship between corrosion current and temperature 
pct&iitial was observed. Kepresentati ve data ere oisplaj'ed in 
and 17. 
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Figure 17. Vulcan XC-72R corrosion rates at one minute for different temperatures 


Corrosion rates varied greatly with the type of carbon; in general, the carbons 
with more highly ordered surfaces corroded at lower rates. Data for three 
of the carbon .materials investigated are shown in Table IV. 


TABLE IV 


Specific Carbon Corrosion Rates at 1.0 V vs RHE and 210°C (mA/real cm^ x 10^) 


lime (nnn 


Vulcan XC-72R Shawinigan 


XC-72R ^500HT 
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The effect of heat t-'eatnient of the carbon was also foond to depend on the 


structure of the patent carbon. The specific corrosion rates of Vulcan XC-72R 
subjected to various heat Irealtr^nt tenipe natures in inert envi rDnn>ents were 
independent of the heat treatirient temperature. This relationship is demon- 


strated in Table V. 


TABLE V 

Effect of Heat Treating Vulcan XC-72R 


Hf at-tre£tmen^ 
tenijl'c !'5 t u -8 ) 

BET SA. 
rrf/q . 

Ta^el slope 
r£!'Ce , 
PiV'_ 

Tcfel si ope 
at iOOO min, 
mV 

Specific corrosion 
rate 0 ]00Q min., 
rr.A/reai x 10° 

As-received 
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ISO- 190 

190 

4.6 

600 

2il 

150-18.0 
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1200 
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1^00 
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115 

5.3 

J 600 

95 

llQ-220 

no 
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. 2500 
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Heat treatment did alter the graphitic layer spacing in a systematic manner, 
however. In addition, the corrosion Tafel slope decreased with increasing 
heat treatment temperature. The relationship between measured Tafel slope and 
graphitic layer spacing, shown in Figure 19, was linear. Little difference 
in either Tafel slope or specific corrosion rate at 1 V was observed for simi- 
lar experiments using Shawinigan acetylene black. It was concluded that the 
Tafel slope was indicative of the degree of disorder of the carbon surface. 
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The desired attributes of phosphoric acid fuel cell electrodes are high per- 
fonTionce, long life, and low cost. Although high perfonr.ance is directly re- 
lated to the intrinsic activity of the catalyst, the electrode structure 
also plays a significant role as it is the nature of the structure that provides 
the c3s-liquid-solid interface required for reaction to occur. 


There are three distinct porous electrode systems. In the first system, a 
porous electrode is immersed in an electrolyte containing dissolved fuel or 


oxidant, so that the electrolyte and dissolved reactants flood the interior 
of the structure. High concentrations of methanol dissolved in alkaline electro- 
lyte can be oxidised using this type of electrode. The advantage of using a 
porous electrode as opposed to a solid electrode is clear; some of the internal 
area of the porous structure will proirote the electrochemical reaction. 


The second type of porous electrode* system is the flow-through electrode 
system. In this system, fuel or oxidant is dissolved in the electrolyte which 
is then forced through the porous electrode. The internal area of the electrode 
is again used to advantage; however, the electrode pore structure may be im- 
portant for efficient electrode operation. The chlorine electrode used in 
zinc-chlorine batteries is a flow-through type electiX'de. 


The third porous electrode system is the gas diffusion electrode. Here, a 
gaseous reactant is diffused through a hydrophobic phase to the reacting sur- 
face of an electrocatclyst which is wetted by electrolyte. This type of porous 
electrode system is employed in phosphoric acid fuel cells. 


Operation of Gas Diffusion Electrodes 

One of the major theoretical problems associated with the use of porous gas 
diffusion electrodes in fuel cells is an understanding of the mode of operation 
of the electrode. Any mathematical model which describes electrode operation 
must include a mechanism by which gaseous reactant arrives at a catalytic site 
on the electrode where it can react electrochemical ly. A sound understanding 
of this overall process will aid in defining the optimum performance for a 
particular electrochemical reaction. Any physical model of how gas diffusion 
electrodes work should be capable of explaining how the limiting current de- 
pends on the electrode structure, the degree of electrolyte penetration, the 
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reactant coricenti'atton , and the electrolyte resistance. The model must also be 
consistent with experimental performance curves. This, of course, presumes 
knowledge of the electrokinc-tic parameters of the reaction under study. Most 
practical gas diffusion systems ere extremely complex in structure. It is highly 
unlikely that any simple model will be capable of accurately predicting the elec- 
trode behavior. Researchers in this area, therefore, have attempted only to 
investigate whether models can predict the general behavior of porous gas 
diffusion electrodes. 


The solubility of oxygen in 


~6 3 

phosphoric acid is on the order of 10” g mcles/cm'^ 


(82). Diffusion coefficients for the same system over a broad range of tempera- 


tures and acid concentrations have been measured and are of the order of . 10 


cm^/sec (83). Extensi 
electrodes have shown 


ve experimental work on the performance of gas diffusion 
tpet electrodes which are flooded with electrolyte are 


not capable of supporting much current, and it is generally accepted that a 

three-phase boundary is necessary to obtain current densities on the order of 
2 

100-1000 m,a/cm . Understanding how the three-phase boundary operates, therefore. 


is of paramount importance. 

Justi and Winsel (83) described the possibility of gas adsorbing on bare metal 
followed by transfer by surface diffusion across the metal surface. The ad- 
sorbed species eventually cross a cas-liquid-metal boundary and react electro- 
chemically. Since gases adsorb very rapidly on bare metal surfaces, it would 
be expected that only sm,all amounts of metal exposed to the gas would be re- 
quired. Experimental work, however, has shown that significant quantities of 
exposed metal are required for maximum current (85,86). 


Another mode of operation is that the gas must first dissolve in the electro- 
lyte and diffuse to the electrocatalyst surface. Two situations are shown in 
Figure 20. The diffusion path length at the three-phase boundary is very 
small; therefore, such a model would predict that the electrode could support 
considerable current. This model is referred to as the simple-pore model. 



Po’lioHy peneifoted pore 
{ol 



NonweUed pore 
(b) 


Figure 20. Simple-pore model. 
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Wm found that when a thin plctinu?ii wire was partially submerged in an electro- 
lyte, the electr-olyte spread up the wire to a considerable distance beyond 
the edge of the bulk iTieniscus (85). tie postulated that a similar electtx)- 
lyte film would coat the interior surface of the pores within a porous electrode 
structure. This thin film model is illustrated in Figu>'e 21. Evidence for the 
existence of thin films in porcus electrodes has been reported by Austin, et al 
(87) but it is difficult to rationalise thin films at ncn-wetting electrodes 
unless it is assured that mlcrcpores will wet due to capillary action but the 
bulk surface will not. 
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Figure 21. Pnin-film inodel. 


The majority of porous gas diffusion elect>t>des involve a multiple scale of 
porosity. The pore size distribution is generally characterized by two widely 
separated ranges. This porosity is the result of forming the electrode from a 
fine powder, e.g, carbon, which is itself porous. Grens II developed a dual 
scale porosity model in which the larger pores are filled with reactant gas and 
smaller pores are flooded with electrolyte by capillarity (88). A highly 
idealized representation of the model is illustrated in Figure 22. 
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Figure 22. Model for gas electrode vith double scale of porosity. 
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Horowitz (90) and Giner and Hunter (89) also consider bonded porous cas diffusion 
electrode structures exhibiting a dual scale of porosity. The working nechanism 
of the structure is explained by assuming that the catalyst particles form 
porous agglofTierates which are flooded with electrolyte under operating conditions. 
The catalyst agglomerates are held together by a hydrophobic phase which pro- 
vides channels for the gaseous reactant. Reactant gas diffuses through these 
channels, dissolves in the electrolyte, and, after diffusing a short distance in 
the filled agglomerate pores, reacts on available sites of catalyst particles. 

A sche.matic representation of this flooded agglomerate model is shewn in 
Figure 23. 



C l£ r'*-U.'rTt 


Figure 23. Sche.niatic representation of a hydrophobic, porous electrode model 
of Teflon-bonded platin'orn black. A. Catalyst particle; 

B. Agglomerate; C. Teflon particle. 


In general, all the models result in differential mass balances which are 
mathematically intractable and, therefore, require numerical solutions. The 
most corruTfon approach, however, has been to simplify the equations so that 
analytical solutions can be derived. The characteristics of each of these 
models is discussed in more detail in the following sections. 

1. Simple Pore Model 

The simple pore model description of porous gas diffusion electrodes was intro- 
duced by Austin, et al (87). The effects of the kinetic and physical parameters 
on the current density-overpotential and current distribution relations were not 
clearly addressed. These problems were considered in more detail by Srinivesan 
and co-werkers (91). The structure of actual porous electrodes was considered 
to be too complex, so the irsethematical treatment was simplified by assuming that 
the pores were uniform, parallel, and cylindrical. An average pore diameter was 
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assuned. Further simplifying cssumpticns were employed to permit analytical 
solutions; fiowever, puMiSrical solutions of the resulting differential mass 
balances we re also p e r- f o rn-.e d . 

On the basis of both the theoretical analysis and the numerical calculations, 

it was shown that gas diffusion though the electrolyte-free part of the 

-4 

pore structure was always very fast for pore radii greater than 10 cm com- 
pai'ed to the rates of processes which occur in the electrolyte part of the pore. 
Below pore radii of 10 ^ cm, gas diffusion was predicted to affect the reaction 
rate at high current densities. 

Dissolution of reactant gas at the gas-electrolyte interface was shown to be 

fast under all conditions and thus would cause no problems. The limiting 

5 2 

current density due to gas dissolution was estimated at about 10 A/cm . 

A two-dirriensional treatment for progresses taking place in the electrolyte 
occupied part of the pore was not possible for all forms of polarization. A 
one- dimensional treatment was used, however, for current densities lower than 
the limiting current by at least a factor of 4. using this treatment, the ohmic 
potential was shown to be small up to the limiting current, thereby reducing 
the problem to one of activation and concentration polarization. NuiPerical 
solutions for all forras of polarization for parameters reflecting the operation 
of a platinum black electrode were also carried out. The current density 
distribution in a pore and the current density-cverpotential relations are shown 
in Figures 24 and 25. 



Figure 24. Current distribution relations for case where all forms of polari- 
zation are considered. Values of DnFc® and K as in Figure 25. 

(a) Uniform current distribution in the pore, e.g., with Iq = 10"^2 
A cm“2 and r) = 0.1 V; (b) Iq = 10“9 ^ £.nj-2 and r, = 0.1 V; (c) 
io = 10"T2 ^ cm~2 and n = 0.65 V; (d) Iq = 10~^ A cm“2 and 
n = 0.65 V. 
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The case of activation and concentration polarization was analyzed in both one 
and two dimensions. The limiting current density varied inversely with the 
pore diameter. Small pores on the electrolyte side and large pores on the gas 
side, therefore, are rest desirable. This type of design had previously been 
considered only from the point of view of meniscus stability, although Swinkels 
had demonstrated the necessity of such a structure from kinetic considerations 
(92). 

In the presence of concentration polarization, the simple pore model predicts 
that most of the current is generated over a short pore length for reasonable 
current densities. This conclusion suggests that platinum crystallites sup- 
ported on carbon should be preferentially located near the electrocatalyst 
support pore mouth. 

The model also predicted considerable increase in attainable current density, 
i.e. 2 to 3 orders of magnitude, on elimination of concentration polarization. 
Furthermore, the presence of ohmic polarization shifted the region of activity 
towards the bulk electrolyte end of the pore. 
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The existence of thin films on porous substrates was demons t rated by Austin, 
et al (87) using a fritted glass filter disc placed in a shallow layer of 
densely covered liquid. The liquid rapidly filled the frit by capillary action. 
Although the pore size distribution of a glass frit is large, it is reasonable 
that the fine pore system of a wetted fuel cell electrode will behave in a 
similar manner. If it is assumed that the film is long compared to its thick- 
ness, the mess transfer and kinetic processes can be considei'ed to be cne- 
dimensional along the film. Knowing the form of the electrochemical kinetic 
equations, it is possible to derive analytical equations relating current 
density to polarization for certain limiting cases. 

Will (85) and Austin (93) consides'ed the case where the electrochemi cal reaction 
was fast, dissolved gas diffused across the thin film to a reaction site, and 
ions traveled along the film to the same reaction site. It was assumed in these 
treatments that the only concentration gradient was that of the dissolved gas. 
Austin also considered the case of rapid gas diffusion across the film, slow 
i-eaction, and chmic effects in the film. 

Srinivasan and Hui-witz considered the case where all fonns of polarization are 
present (94). Analytical expressions could not be derived for this situation. 
Numerical solutions were obtained for a number of combinations of electrode 
parameters. The limriting current density could be increased by decreasing the 
film thickness, increasing the diffusivity and/or solubility of the gaseous 
reactant in the electrolyte, or increasing the electrolyte conductance. These 
relationships are demonstrated in Figures 26-28. 
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28. 


Cu z' T n t G c r>?ity/ovferpotr--ntial relationship for case vhere ail forms 
of polari zation are talcen into account, shoving effect of variation 
of pore radius. 5) r = 10“^ cm, 7) r = 10~^ cm. 


The current derisity-overpoteritial relationship for the thin film model was 
shown to exceed these predicted by the simiple pore model for the same parameter 
values. The perforrriance curve exhibited a region of normal Tafel slope which 
passed smoothly in a double Tafel slope and finally, into a region where the 
current density varied slowly as a function of cverpotential . 

The current distribution curves predicted by the thin film model were also 
different than predicted by the simple pore model. The simple pore model pre- 
dicted a non-uniform distribution of current with overpotential; the current 
generation increased at either end of the pore depending on the overpotential. 
If the diffusivity solubility product is not high and if a limiting current 
is observed, the current generation predicted by the thin film model becomes 
non-uniform with increase in overpotential at low overpotential values, but the 
behavior is reversed at higher overpotentials in the regions where current is 
close to the limiting current. A uniform current distribution within the 
pore is observed at low overpotentials at the limiting current. 


Stortehart Associates, Inc. 



K-3ny of the types of poi'ous ges diffusion electrodes used in fuel cells have a 
double porosity structur-^: a system of cas-filled macropores superimposed on 

a system of 1 iquid-fi 1 led micropor-es. In general, each system is composed of 
a distribution of pore sizes. Burshtein and co-workers (95) treated Bacon type 
electrodes assuming a spectrum of porosities. It was assumed that the small pores 
were flooded, resulting in an increase of the ionic conductivity across the elec- 
trode. This improves electroide utilization. 

Grens (88) considered the macro- and micpopore systems as parallel one-dimension 
continua joined by a series of linking pores, the length of which is short 
compared to the length of the micropores. This model predicted high current 
densities. Representative current dansity-cverpotential curves are shown in 
Figure 29 . The relationship between current density and overpotential predicted 
by the model was linear as opposed. to the exponential behavior predicted by the 
film models. It was also shown that the extent of the gas-filled macropore 
system must remain large to maintain high electrode effectiveness. The electrode 
perfor-mance was insensitive to the linking pore length at low overpotential, but 
it was significantly affected by this value at high overpotentials. The effect 
of the linking pore length (6 ) on performance is also shewn in Figure 29. 



Figure 29. Calculated current density/overpotential behavior for oxygen cathode. 


Slonehart Associates, Inc. 

-39- 



The rtoclion distribution was celculaled for thin electrodes. Uniform current 
densities over' the thickness were predicted, suggesting a very efficient use of 
the catalytic material. 


4. Flooded Agglomerate Model 

Giner and Hunter (89) pointed out some of the limitations of previously de- 
veloped models of gas diffusion electrc>des and presented a mathematical treat- 
ment based. on substituting a column of flooded agglomerates pc-rpendi cular to 
the electrode surface by a porous cylinder in which catalyst particles and 
electrolyte were homogeneously dispersed as a continuum. During operation, it 


was assumed that gas diffused radially frcim the cylinder surface to the center 
with simulteritous reaction on electrocatalyst particles in the diffusion path. 
Ionic conduction was assumed to occur in the axial direction. 

The model allowed calculation of catalyst utilization across the electrode 
thickness and along the radius of the flooded agglomerate. As a consequence , 
the importance of the doglonierate size could be evaluated in addition to porosity, 
bulk area, etc. It was shown that poor electrode utilization would be obtained 
for structures having low microporosity and large aggloirierate sizes. The model 
further predicted regions of single and double Tafel slopes. 

Electro cet alyst utilizat ion 

It is clear from the foregoing discussion that gas diffusion electrode models 
are useful for examining the effect of the physical parameters of the electrode, 
i.e. pore size, agglorrierate size, etc., on electrode performance. Guidelines 
for improvement of electrode structure, therefore, can be formulated based on 
experimental results of the electrode perfonnance. Mass transfer of gas can 
be improved by changing the porosity, i.e. changing the polymer agglomerate size, 
and by decreasing the electrode thickness. Mass transfer of dissolved gas is 
improved by providing a structure where the diffusion path to the metal crystal- 
lites is short. The internal gas-e1ectrolyte interface should also be large, 
suggesting high internal support area. Since chemical reaction rates generally 
increase proportionally with active area, the metal surface area should also be 
large. Increasing the active area, however, may decrease the effectiveness of 
the catalyst. 
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High surface area supporfed electrocatalysts are comprised of many small 
crystallites dispersed throughout the interrial porosity of the support material. 
fxperii7iental meesurenients of the performance of electrX’des fabricated from 
high surface area platinum supported on carbon indicate that, for oxygen re- 
duction in phosphoric acid, the activity of the platinum does not increase 
with surface area in the expected manner (96). This has been attributed to 
a crystallite size effect (96,97). The apparent specific platinum activity 
for oxygen reduction in phosphoric acid versus platinum surface area is shown 
in Figure 30. 





Figure 30. Specific activity as a function of surface area at 177° in 99 wt % 
H3P0^. O Platinum supported on Vulcan XC-72; 0 Platinum black 

blended with Vulcan XC-72. The solid line is a fit of the data. 
The dashed lines are for constant activities per unit mass of 15, 
25, and 35 mA/mg Pt . 

I 
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Observed perfonriance curves also show a decrease in measured Tafel slope 
(Figure 31), suggesting a change in the kinetics of the electrochemical reaction 
which may also be due to a crystallite size effect. In gas phase catalysis 
only reactions involving the splitting of carbon-hydrogen or carbon-carbon 
bonds have exhibited a comparable decrease in activity with change in crystal- 
"lite size (98). An alternative explanation for these observed phenomena is 
that the utilization of the electrocatalyst is poor. 







Figure 31. Variation in the measured Tafel slope as a function of platinum 

surface area at 177° in 99 wt % H3P0^. O Platinum supported on 
Vulcan XC-72. ^ Platinum black blended with Vulcan XC-72. 


In heterogeneous catalysis, the efficiency of a reactor or its catalyst is a 
common concern (99). This subject, however, has been sorely neglected by 
investigators in the electrocatalysis conmunity. Since the crystallites of 
supported electrocatalysts are widely distributed over the surface of the 
substrate, it is quite likely that only part of the electrode is operating in 
the kinetically controlled region. Crystallites covered by hydrophobic polymer 
or located at unwetted pore locations will be starved for hydrogen ion and 
hence are controlled by the rate of ion diffusion to the active site. Other 
crystallites may be flooded. Here, diffusion of dissolved oxygen gas may be 
slow. Either situation gives rise to poor utilization of catalyst. Estimates 
of catalyst effectiveness have not been attempted in those studies which claim 
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a crystanite size effect for oxygen reduction. The only arguments posed are 
that linear regions in the perfom'ance curve extend over several decades of 
current density. If, in fact, the electrode is not operating effectively, 
significant performance gains can be made. 

Mund and von Sturm (100) investigated the effect of electrode parameters on 
catalyst utilization for biporous electrodes. The degree of utilization was 
defined as the ratio of the transport controlled current density to the ideal 
current density. The effect of pore radius for overpotentials of RT/F and 
4RT/F are shown in Figures 32 and 33, respecti vely. 



Figure 32. Degree of utilization q of the pore of a catalyst as a function of 
pore length 1 and pore radius rF/RT =1. . - 



Figure 33. Degree of utilization q of the pore of a catalyst as a function of 
pore length 1 and pore radius = A. 
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Increesing the electrode thickness was shown to decrease utilization, as 
expected (Figure 36). 



Figure 36. Degree of utildi-ation q.^- of a porous electrode as a furction of 
thir.VjTjfts.s d of the working layer and polarization resistance k 
of the catalyst, the electronic resistivity has been neglected. 

p 

dpproxirridte model for mess transfer in electrodes was derived by Cutlip 
(101). The niodel considered geseous diffusion in the hydrophobic Teflon phese, 
diffusion across a thin electrolyte film at the surface of the catalyst phase, 
and internal diffusion with first order reaction in the electrolyte-filled 
catalyst phase. Analytical solutions were presented which yielded an effective 
ness factor indicating the fraction of the "activation only" current obtained 
from the electrode. The solution allowed any combination of mass transfer 
processes to be important at any level of electrode operation. 

In the absence of slow film diffusion, the solution was analagous to diffusion 
with first order reaction in a slab. The effectiveness factor relationship for 
this situation is illustrated in Figure 37, When film diffusion was included, 
catalyst effectiveness further declined. A family of curves was derived for 
various film moduli. The solution is presented in Figure 38. The maximum 
film modulus represents the case where there is no electrolyte film, i.e. a 
three-phase interface exists at the crystallite. 
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The model also predicted that the lirriiting current was related to the mass 
transfer processes. In the absence of gas phase diffusional losses, the 
limiting current was shown to be proportional to the electrode thickness. 
Considerable gas phase diffusional resistance yielded a limiting current which 
was independent of electrode thickness. 

Internal diffusion with reaction in the catalyst phase was treated for slab, 
cylinder, and spherical geometries. The limiting current for this case was 
independent of the internal diffusional process in the catalyst phase. 

The model was applied to a platinum black electrode for oxygen reduction in 
85 w/o phosphoric acid at 120°C and iOO kPa. The oxygen partial pressure was 
fixed at 1 %. The reduction of electrode perforT;arice due to oxygen diffusion is 
shown in Figure 39. Most notable is the long linear region exhibited by the 
curves, even though performance is far below that expected for the totally 
kinetic controlled situation. The ^importance of gaseous reactant diffusion 
as the limiting current is reached is illustrated in Figure 40. 
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Figure 39. Gaseous diffusion losses for 1% oxygen. 
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Figure 40. Effect of effective gaseous oy^ygen diffusion 
coefficient . 
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Both of these effects are due to an increase in the catalyst effectiveness 
factor, and neither par=^>eter influences the limiting current of the electnode. 
Electrode thickness is examined in Figure 43. 



Figure '43. Effect of electrode thickness. 


For this case, the catalyst loading per unit voluire was held constant. It 
can be seen that thinner electrodes yield limiting currents which are pro- 
portional to thickness while thicker electrodes yield limiting currents in- 
dependent of the thickness. 

Iczkcwski and Cutlip (102) later developed a multicomponent diffusion model to 
account for the diffusion of oxygen in the gas-filled and liquid-filled pores, 
electrochemical reaction, and electrical conduction in air diffusion electrodes. 
The model was applied to a Teflon bonded platinum on carbon electrode in acid 
electrolyte. Gas diffusion was shown to contribute about 38% of the voltage 
loss. Knudsen diffusion in the gas pores was found to be as important as molecul 
diffusion. Diffusion of dissolved oxygen and ohmic conduction produced only 
small voltage losses. It was concluded that diffusion was the major contributor 
to loss of catalyst effectiveness, especially at high oxygen utilization. 
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Electrolyte menogement is a serious coricern for long term operation of phos- 
phoric acid fuel cells. The electrical conductivity of phosphoric acid is a 
strong function of concentration and, therefoi'e, must be controlled. Since the 
electron transfer step in the electrochemical reaction requires that a gas-liquid 
solid interface be present, dryout must be avoided. Furthenrjore , when acid is 
lost from the cell matrix, reactant cases may cross over to the opposite gas 
chaiTiber. This results in a substantial drop in perforrriance. These problems 
can be overcome by providing an electrolyte reservoir to replenish the acid 
and by treating both fuel and oxidant streams to remove acid depleting impurities 
e,g. aramonia. 

The electrical conductivity of phosphoric acid as a function of concentration 
at high temperatures is shov^n in Figure 44 (103) and Figure 45 (1Q4). It is 
quite clear that low acid concentration is desirable to maximize electrolyte 
conductivity. TherTriodynamic limitations, however, dictate that a high water 
vapor pressure exists at low acid concentration and high temperature. This means 
that, in the fuel cell envi ronnient, the acid concentration will tend to increase. 
It is not possible, therefore, to optimize performance by maximizing the electro- 
lyte conductivity, at least with phosphoric acid. Acid concentration can be 
maintained by humidifying the fuel or replenishing the acid from a reservoir. 
Water vapor will be present in the fuel stream of reformer effluent hydrogen 
feeds if excess steam is used, or water vapor can be added after the fuel 
processing has been completed. 

The matrix dryout problem can be solved by design changes. No matrix related 
performiance declines were observed for cells operated with a matrix having high 
acid transport characteristics combined with regular acid addition (105). 

Another method of maintaining low acid concentration (high conductivity) is 
to operate the cells at pressures above atmospheric. High pressure cells have 
been operated for extended periods with improved performance (106). High 
pressure cells, however, may exhibit local "hot spots" if the matrix dries out. 
This results in a decline of electrode performance. 

The fuel cell system is likely to see a wide range of storage and operating en- 
vironments, particularly for military applications. The electrolyte and other 
fuel cell hardware, therefore, must be capable of withstanding low temperatures. 


Stonehart Associates. Inc. 

-50- 


□33 3. ] :d;ixi xJ:2Xi:ii;; I3J1X1XX1 J 

■ *r »c • • *• 

«: •. •.ru. 


Figure 44. Electrical conductivity of phosphoric acid 
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Figure 45. Electrical conductivity of phosphoric acid. 
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Table VI contains a list of fr-eezing points for phosphoric acid. 


TABLE VI 



Freezi ng 

Points, System 

H3PO4 -H2O 




Freezing 

Freezing 

Solid 

% H 3 P 0 ^ 

1 ? 0 

Point “C 

Point “F 

Phase 

0 

0 

0 

32 

Ice 

5 

3.62 

- 0.8 

30.6 

Ice 

10 

7.24 

- 2.0 

28.2 

I( e 

15 

10.86 

.-3.8 

25.2 

Ice 

20 

14.48 

- 6.0 

21.2 

Tee 

25 

18.10 

- 8.6 

16.5 

Ice 

30 

21.72 

- 11.8 

10.8 

Ice 

35 

25.34 

-15.9 

3.4 

Ice 

40 

28.96 

-21.9 

- 7.4 

Ice 

45 

32.58 

-30.0 

- 22.0 

Ice 

50 

36.20 

-41.9 

-43.5 

Ice 

55 

39.82 

-58.6 

-73.5 

Ice 

60 

43.44 

-76.1 

-105 

Ice 

62.5(a) 

45.25 

-85.0 

-121 

Ice+K 3 P 04 • 1/2 H 2 O 

65 

47.06 

-70.5 

- 94.9 

H 3 PO 4 • 1/2 H 2 O 

70 

50.68 

-43.0 

- 45.5 

H 3 PO 4 • 1/2 H 2 O 

75 

54.30 

-17.5 

0.5 

K 3 PO 4 • 1/2 H 2 O 

80 

57.92 

+ 4.6 

40.3 

H 3 PO 4 • 1/2 H 2 O 

85 

61.54 

21.1 

70 

H 3 PO 4 • 1/2 H 2 O 

90 

65.16 

28.8 

83.9 

H 3 PO 4 • 1/2 II 2 O 

91.6(b) 

66.32 

29.3 

84.7 

H 3 PO 4 • 1/2 II 2 O 

92.5 

66.97 

28.6 

83.5 

H 3 PO 4 • 1/2 II 2 O 

94.8(c) 

68.63 

23.5 

74.3 

H 3 PO 4 • 1/2 H 2 O+H 3 PO 4 

95 

68 . 78 

24.7 

76.5 

H 3 PO 4 

97.5 

70. 59 

34.3 

93.8 

H 3 PO 4 

100 (d) 

72.40 

42.4 

108.4 

H 3 PO 4 

105(e) 

76.02 

16°C 

60.8 

H 3 PO 4 


(a) Eutectic, ice and hemihydrate. 

(b) Melting point of hemihydrate, H 3 PO 4 • 1/2 H 2 O. 

(c) Eutectic, H 3 PO 4 • 1/2 K 2 O and H 3 PO 4 . 

(d) Melting point of anhydrous acid, H 3 P 0 ^. 

(e) Pure H 3 PO 4 crystallizes rather slowly. It is very easy to supercool 
a concentrated acid such as 105X H 3 PO 4 to obtain a glassy substance. 
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Exairii nation of the table indicates that for acid concentrations of interest 
for fuel cell application, temperatures greater than 25°C are required for 
phosphoric acid to remain liquid. The acid, however, does not solidify rapidly 
and can remain liquid at temperatures as low at -17°C. If the electrolyte does, 
in fact, freeze, damage to the electrodes may occur resulting in unacceptable 
perfonriance declines during operation following the thaw cycle. 

The freeze damage is due largely to flooding of the electrodes. Electrodes 
which are not completely filled with electrolyte will tolerate 2-3 freeze cycles 
without serious perfonrance loss (106). The procedure for testing freeze tolerance 
is to seal fuel and oxidant lines at open circuit while lowering the tempera- 
ture to the desired level. The cell system is held at freeze temperature 
(about -32°C) for three days. Following the three-cay freeze, the stack is 
thawed to about 25°C and then raised to operating temperature. Ferfomiance 
loss can generally be attributed to* flooding of the electrodes during the 
freeze. 

Three solutions have been proposed to reduce freeze damage to the elect/'odes 
(106). The electrolyte can be wetted to a concentration that does not freeze at 
the storage temperature. Once the cell is restarted, equilibrium factors will 
cause the acid concentration to return to normal operating levels. The electro- 
lyte can also be dried out. This results in a reduction of volume and an in- 
crease in the viscosity of the phosphoric acid -- conditions which would tend 
to reduce the probability of electrolyte penetration into the pores of the 
electrocatalyst. A final method is to increase the h^drophobicity of the 
electrodes, thereby decreasing the wetting characteristics. When the latter 
method is employed, care must be taken so that the electrocatalytic behavior 
is not changed by addition of the hydrophobic material. Both the wetting and 
hydrophobicity methods have resulted in diminished perfonriance loss. 

It is well known that electricity demand during the course of a 24 hour period 
is cyclic. The response of the fuel cell to load cycling, therefore, is also 
of interest. Long-term performance declines have been observed for start-up/ 
shutdown cycling (105). The decline was attributable to breaching of the 
electrolyte matrix. It was believed that this was caused by transient operation 
of the stack. Load cycling to follow electrical demand would result in breaching 
problems, hence performance decline. 
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Only modeling of acid evaporation and acid loss due to reaction with impurities 
has been undertaken. Both mc-dels perfonn well in predicting the long-term 
effects on perfon;iance. The freeze/thaw and load cycling phenonena appear 
to be con'ectable by materials and/or operational modifications, so mathematical 
models are unnecessary. 
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VI. IMPURITY EFFECTS 



i 


P 


P 


Recent advances in h^'drocarbon fuel processing have widened the range of fuels 
from which hj-drogen can be obtained (107,108). The variety of impurities, 
therefore, has also expanded. Kow the fuel cell responds to impurities deter- 
mines the level of sophistication required for fuel clean-up and construction 
of cell components. The literature on long-term impurity effects is sparse 
with the exception of the effects of those contained in the fuel or produced 
during fuel processing. Based on the work conducted to date. Table VII shows 
the impurity levels that can be tolerated in phosphoric acid fuel cells without 
suffering significant perfonrience decline (109,110). 

Hydrocarbon irripurities are produced in the steam reforming process and are of 
importance at the anode. Naphtha, No. 2 fuel oil, and now possibly heavy liquid 
fuels derived from coal and shale oil are used for the FTanufacture of hydrogen 
fuel. Concurrent with the steam reforming reactions are the water-gas shift 
and methanation reactions. Also, natural gas feedstocks will contain small 
amounts of unreacted methane, or methane formed from the higher hydrocarbons 
which make up natural gas. Traces of C 2 and higher hydrocarbons may also be 
present for the liquid fuels, since both steam cracking and catalytic cracking 
may occur (111). Long terni testing of these impurities has been reported for 
methane only (112). Fuel cells were subjected to feed streams containing up 
to 15% rrethane for periods of up to 5,000 hours duration. The only effect was 
apparently a diluent effect, the drop in performance attributed to lower hydrogen 
composition. The anode electrocatalysts were analyzed by electron microscopy 
and cyclic voltanmetry, and the electrolyte was chemically analyzed at the con- 
clusion of the test. These analyses confirmed that methane was both chemically 
and electrochemical ly inert. The longer chain hydrocarbons exhibit poisoning 
effects at the anode (110). This is probably due to chemisorption by C-C bonds 
on multiple platinum sites. Any reactions of these adsorbed entities will be 
slow, hence the catalyst will show an apparent decrease in activity. There have 
been no reported in-depth studies concerning the long term effects of Cz and 
higher hydrocarbon compounds on fuel cell performance. Up to now, steam re- 
forming technology for naphthas and other light and middle distillate fuels is 
available to produce fuel cell feeds containing only trace quantities of these 
species. Nevertheless, future use of liquids derived from shale or residuum 
oils could increase the impact of these hydrocarbons on long term fuel cell 
performance. Advances in steam reforming may be required to keep the hydro- 
carbon level below 100 ppm. 
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TABLE VII 



Max i mum A 1 1 o wa bl e Imp 

urity Levels 


Phosphoric Acid 

Fuel Cells 

• 

Impurity 

Limit 


Hydrocarbons 



CH4 

dil. 

• 

C2 and higher 

100 ppm 


Carbon 



CO 

4%1 

• . 

f 

CO2 

s 

dil . 


Nitrogen 



N2 

dil , 

• 

NH3 

.1-1 ppm 


Sul phur 



COS 

ipo ppm 

• 

H^S 

100-200 ppm 


Metals 



Fe 

trace 

• 

V 

trace 

1 

Cu 

trace 


Others 


• 

cr 

1 ppm 

[ 

H2O 

dil. 


^ CO tolerance is a function of temperature 
so operating conditions will determine 
maximum allowable concentration. 
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other carbon based impurities will be present in anode feeds, namely CO and 
CO 2 . Like the hydrocarbon impurities, these gases are also produced during ('e- 
foriTiing. Shift converters ren-ove carbon monoxide which seriously diminishes 
the perfonnances of anode electrocatalysts. Carbon dioxide, on the other hand, 
acts only as a diluent. Anode poisoning by carbon monoxide occurs by site 
elimination (113). The apparent Pt activity is decreased and anode polari- 
zation is increased substantially. Recent developments in fuel cell materials 
have resulted in an increase of operating temperature to the 180-200°C range. 

The threshold limit reported in Table VII is for 160°C. Since CO poisoning 
is dependent on temperature (see Figure 46), this change of operating conditions 
to higher temperatures will allow tolerance of higher CO feed concentrations. 
Novel alloy electrocatalysts have been shown to be superior to platinum for up 
to 30% CO anode feeds at ISO^C (114), and further increases in temperature may 
eliminate CO from consideration as .an impurity problem. The long term effects 
of CO poisoning are reversible when the carbon monoxide is removed from the feed 
(115). Synergistic effects of carbon monoxide and other impurities are discussed 
later. 


> 
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Figure 46. Effect of CO content and temperature on anode performance. 0.35 
mg Pt/cm2, 269 mA/cm2. 
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Nitrogen compounds enter the fuel cell v/ith both fuel and oxidant streams. 

Air is used as the oxidant so nitrogen gas is present in large quantities at 
the cathode. The nitrogen acts only as a diluent; no long term deleterious 
effects have been observed. The diluent effect of nitrogen gas is also ob- 
served at the anode. Here, nitrogen is generally introduced by nitrogen con- 
taining hydrocarbons. Compounds such as NH 3 , HCN, and NO^, however, may also 
be forried. These nitrogen containing compounds may still be produced even if 
nitrogen-free feedstocks are used if the fuel processing scheme includes autc- 
thennal reforrriing or coal gasification (107). All of these nitrogen compounds 
result in decreased fuel cell perfonriance. The available literature deals large 
with the problems associated with the introduction of ammonia. 

ArTPonia reacts with phosphoric acid to form ammonium di hydrogen phosphate. 

Very low levels of arrsiionia can be tolerated in the fuel cell without noticeable 
performance less (112). If the phosphoric acid is ammoniated to greater than 
0.2 mole significant perfonriance loss is observed (116). Various theories 
have been advanced to explain the performance decrease (110), Among them are 
poisoning of the platinum at the cathode and decrease of the conductivity of 
the acid. In the work of Szymanski, et al (116), an 84% less of "cathode 
activity" was reported for 1% conversion of acid to ADHP. This was believed 
to occur because of oxidation of ammonium ion at the cathode. A conductivity 
decrease theory, however, would also account for this perfonTiance decrease. 

For oxygen reduction to occur, hydrogen ion must migrate from the anode to the 
cathode. Regardless of the mode of transfer (diffusion of H'*' or proton chain 
conduction, for example), a decrease in solution conductivity lowers the H'*' 
c creentration at the cathode resulting in a concomitant decrease in perfonriance. 
Long term perforrriance testing has been conducted to determine the effects of 
sustained introduction of ammonia. Constant levels of ADHP were reached, but 
these concentrations were much lower than would be predicted on the basis of 
complete conversion of inlet anmonia concentrations. This result, coupled with 
the fact that performance can be restored on removal of anmonia from the feed 
(see Figure 47) leads to the conclusion that the amonium ion can be oxidized 
at the cell operating conditions. 
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Figure 47. Cell endurance in the presence of annionia. 

Advanced fuel processors operating on petroleum or coal derived liquid fuels 
produce H 2 S. An adiabatic reformer using No. 2 fuel oil, for example, is ex- 
pected to produce an anode fuel containing about 320 ppm H 2 S (117). This 
gaseous sulphur compound must be removed before the fuel reaches the cell 
stack. Sulphur compounds severely poison platinum based electrocatalysts. 

The introduction of 130 ppm H 2 S to cells operating at 205°C caused rapid per- 
formance decay (115) after a short period of stable operation. Similar behavior 
was observed for 180 ppm H 2 S at 190°C (118). Stable operation was observed for 
about 400 hr in this test before performance decayed rapidly. In general, 
operation of fuel cells on fuels containing ppm quantities of H 2 S are characterized 
by periods of stable operation followed by rapid performance decreases (110). 
Original performance can be restored by removing H 2 S from the feed as shown in 
Figure 48. As with carbon monoxide, the poisoning apparently occurs by site 
elimination. Improved tolerance to sulphur compounds has been reported for 
temperatures in excess of 200^0 (118). 
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Figure 48. 


effect of H 2 S on phosphoric acid fuel cell performance. 
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Operation of cell stacks on fuels containing both CO and H 2 S has also been 
examined (115). Rapid decay is observed following introduction of these 
poisons to the cell stack. Original perfomance can be approached or restored 
completely by removing either CO or H 2 S or both. This provides strong evidence 
for a synergistic effect between these poisons. Thermodynamic calculations 
indicate that about 0.5 ppm carbonyl sulphide would be in equilibrium with a 
simulated reformer effluent containing 200 ppm H 2 S. It is conceivable, there- 
fore, that COS is formed on the anode by reaction between CO and H 2 S. Several 
tests have been run with 1 ppm COS added to the fuel, but no observable per- 
formance loss attributable to COS was observed in the temperature range 175-200°C 
(118). It is clear from this observation that H 2 S-CO interaction with the 
electrocatalyst is complex and, at this time, far from being understood. 

Electrodes exposed to sulphur concentrations for long time periods have been 
examined to identify any structural changes which could be attributed to the 
sulphur alone. No observable changes in the electrodes could be detected and 
no changes in catalyst properties were found (115). 

Poisoning of electrocatalysts by metals may also occur. The steam reforming 
and shift conversion catalysts are subject to physical degradation. It would 
be expected, therefore, that trace quantities of metals such as nickel, copper. 
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and 2 inc might be introduced in the fuel stream. Vanadium is known to be 
present in middle and heavy distillate fuel and may cause serious problems 
if residuum fuels are used (119). Iron and copper metals can be leached 
from hardware if protective coatings are etched. Large polarization (above 
50 mV), has been attributed to copper poisoning (107). Finally, iron is also 
present in carbon and can be leached, for example, from the graphite end plates. 
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CONCLUSIONS AND RECOMMENDATIONS 

This review has focused on the identification of processes that effect the long 
term stability of electrodes in phosphoric acid fuel cells. Loss of active 
catalytic surface area, corrosion of the carbon electrocatalyst support, electro- 
catalyst utilization, electrode structure degradation, degradation of electro- 
lyte, and impurity effects have been discussed in this regard. No study has 
been conducted with the purpose of developing a model capable of predicting the 
long tern effects of any of these processes on the basis of short term tests. 
Farooque and co-workers (120) attempted to model long term cell stack performance 
using empirical decay parameters. The decay parameters were determined by 
regression analysis of the results of perturbation experiments. Since the model 
was entirely empirical, no knowledge as to the underlying processes which con- 
tribute to perfomance declines was obtained. It is not likely, therefore, that 
models of this type will be universally reliable tools for prediction of long 
term performance. 

The results of the survey on electrolyte degradation indicate that, with ap- 
propriate electrolyte management schemes, no loss in electrode performance will 
occur. The mechanism by which anrooni a contributes to the degradation of phos- 
phoric acid fuel cell performance is still open for debate. Elucidation of this 
mechanism may be required in view of the success of autothermal reforming and 
the likelihood that heavy hydrocarbon fuels may be the source of hydrogen. 

In addition to ammonia as an impurity, carbon monoxide and hydrogen sulphide 
are particularly deleterious to electrode performance. Tolerance to carbon 
monoxide has been increased by raising the fuel cell operating temperature, and 
new catalysts have been developed that perform better than platinum at relatively 
high CO levels (114). Furthermore, a recent study of the economics of phos- 
phoric acid fuel cell power plants suggests that elimination of the shift 
converters currently employed for reduction of carbon monoxide feed compositions 
would not result in significant capital cost savings (121). The development of 
sulphur tolerant electrocatalysts is not likely to have a large impact on the 
technology of fuel cells. Sulphur emissions standards are quite strict; there- 
fore the sulphur will have to be removed somewhere in the system. It would 
appear more prudent to use the desulphurization technology available from the 
petroleum industry to remove sulphur from the hydrocarbon feedstock, particularly 
since the steam reforming catalysts are also susceptible to sulphur poisoning. 
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Review of the extant literature on carbon corrosion suggests that the mechanism 
of this decay process is understood, and techniques have been developed for 
accelerated testing of new support materials (58). Stable supports require 
at least some ordering of the surface structure to be useful over the expected 
lifetime of the fuel cell system. The interaction of the support with platinum 
crystallites is not understood. The concept of trap. sites was suggested by 
Bett, et al (56) as a mode of sintering retardation. The possibility of pur- 
posely introducing "trap sites" into the carbon surface through controlled 
modification of the support is intriguing. Indeed, work on this concept is 
ongoing, e.g. the work of Remick (64), and should continue. 

Although much time and effort has been expended toward elucidation of the 
processes which contribute to surface area loss of platinum electrocatalysts, 
no clear identification of the sintering mechanism in phosphoric acid has been 
identified. The lack of success in' the development of stable electrocatalysts 
points out the need for clearly understanding the physical processes which 
cause long term perfonriance decay. Perhaps the most definitive study on the 
subject of surface area loss was conducted by Gruver, et al (59). Electron 
microscopy was used extensively in this investigation. Recently, Baker has 
suggested the use of electron microscopy for in situ studies of catalyst sinter- 
ing in gas phase environments (122). Similar experiments can be conceived 
for the phosphoric acid environment. It remains to be seen whether a suitable 
"electrochemical reactor" can be designed for this purpose, however. 

Since the capital investment for the cell stack in phosphoric acid fuel cell 
power plants is about 40% of the total plant investment, the greatest impact 
on fuel cell feasibility arises from dramatic improvement in power density. 

Such an improvement would lead to a proportional decrease in stack size, and, 
therefore, stack cost. • It is not clear that the platinum electrocatalyst is 
being utilized effectively. How long term structure degradation affects uti- 
lization is also not known. Recent evidence suggests that the cathode operates 
at only about 65% effectiveness (81), even though it is usually argued that this 
electrode operates in the kinetic controlled regime. The importance of the work 
of Cutlip (101) has not been realized, and definitive studies in this area are 
still required. The use of transient techniques should contribute to a clearer 
understanding of the operation of porous gas diffusion electrodes. The value 
of these methods in elucidating transport and reaction mechanisms is well 
known (123). 
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As a further aid to understanding platinum utilization, it is necessary to 
develop in situ surface area measurement methods so that the platinum available 
for reaction under actual operating conditions can be estimated. The standard 
electrochemical hydrogen adsorption method is not applicable at these conditions 
since hydrogen evolution interferes with the adsorption peak (124). Comparison 
of platinum surface as measured under reaction conditions with that measured 
by room, temperature electrochemical adsorption will provide -valuable information 
concerning the location of platinum crystallites in the electrode structure. 
Appropriate modifications in both catalyzation procedures and electrode fabri- 
cations can then be devised. 
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